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INTRODUCTION 
Several  d i f f e ren t  echoing mechanisms have been proposed t o  explain VEF/UBP 
GAGE and BALSLEY (1980) suggest three: (1) anisotropic  s c a t t e r  from c l ea r  air. 
scatter; (2) Fresnel r e f l ec t ion ,  and (3) Fresnel s c a t t e r ,  i n  order t o  account 
fo r  the s p a t i a l  (angle and range) and temporal dependence of the echoes. 
ROTTGER (1980) proposes the term "diffuse ref lect ion" t o  describe the echoing 
mechanism when both s c a t t e r  and r e f l e c t i o n  coexist. 
formulation incorporating a s t a t i s t i c a l  approach t h a t  embraces a l l  the above 
mechanisms and gives conditions under which r e f l e c t i o n  or s c a t t e r  dominates. 
Furthermore, we dis t inguish between Fraunhofer and Fresnel s c a t t e r  and present a 
c r i t e r i o n  under which Fresnel s c a t t e r  i s  important. 
W e  present a unifying 
Scat ter  from anisotropic  i r r e g u l a r i t i e s  of r e f r a c t i v e  index n has, f o r  many 
years, been thought t o  be pr incipal ly  responsible fo r  microwave echoes from the 
c l ea r  a i r .  Existing formulations assume t h a t  the co r re l a t ion  length of n 
i r r e g u l a r i t i e s  generated by turbulence. are small compared t o  the Fresnel 
length.  But there  i s  experimental evidence tha t  the contrary may be t rue .  This 
paper extends the exis t ing formulations f o r  the case where the Fresnel zone 
radius  i s  comparable t o  o r  smaller than the correlat ion length. LIU and YEH 
(1980) recognized the l imi t a t ions  of the ex i s t ing  formulations which are based 
upon f i r s t -o rde r  expansion of the phase term i n  the i n t e g r a l  fo r  the scat tered 
(or r e f l ec t ed )  e l e c t r i c  f i e l d  in t ens i ty  and WAKASUGI (1981) suggested expansion 
t o  second order. 
THE FRESNEL TERM I N  THE INTEGRAL FOR ECBO POWER 
TATARSKI (1961, sect .  4.2) derived a formula fo r  the f i e l d  sca t t e red  from a 
volume Vs with dimensions t h a t  implied the s i z e  of VS cannot be determined by 
the r ada r ' s  resolut ion volume v6 (DOVIAK and ZRNIC' .  1983). (The subscript  6 
i s  used t o  denote a resolut ion volume circumscribed by the surface giving a 
weight, t o  the scatterers, 6 dB l e s s  than the peak a t  the volume or igin;  DOVIAK 
e t  al . ,  1979.) I n  a later publ icat ion,  TATARSKII (1971, sect .  2.8) extended h i s  
earlier formulation so t h a t  V, could equal v6. 
s c a t t e r  the condition assumed i n  t h i s  extension i s  
It can be shown t h a t  fo r  back- 
p t  << J i q z  = fIJ;; (1) 
where rs i s  the range t o  an element of the s c a t t e r  volume A,  the radar wave- 
length, f the f i r s t  Fresnel zone radius,  and P t  i s  the co r re l a t ion  length of 
r e f r ac t ive  index i r r e g u l a r i t i e s  fo r  lags  transverse t o  rs. 
imposes the condition t h a t  constant phase surfaces of the incident wave a re  
planes over the dis tance p t ,  and the receiver i s  i n  the f a r  f i e l d  of t h i s  
correlat ion length (i.e.,  rs > 2pt2/A). 
Inequality (1) 
W e  now develop the s c a t t e r  equations which allow co r re l a t ion  length t o  be 
l a rge r  than t h a t  specif ied by (1). 
e ingle  s c a t t e r  theory), the f i e l d  i n t e n s i t y  El, backscattered by r e f r a c t i v e  
index i r r e g u l a r i t i e s  ~n i n  the antenna f a r  f i e l d  i s  
Assuming the Born approximation (i.e., 
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where rg i s  the range t o  An a t  r (see Figure l ) ,  f g ( r )  is  the angular pa t te rn  
of the incident e l e c t r i c  f i e l d  in t ens i ty  assumed t o  be c i r cu la r ly  symmetric 
about the beem axis, no is  the f r e e  space wave hpedance, ko=2v/X, P t  i s  the 
transmitted peak power, g the  antenna gain, and r the distance from the o r ig in  
of v6 to  the sca t te r ing  element. 
where T is  the transmitted pulse width and therefore  El(ro,t> i s  the in tens i ty  
of echoes sampled a t  a range-time delay (zr,/C)+T a f t e r  the transmitted pulse. 
Assume An t o  be a zero mean random variable.  I n  a matched f i l t e r  receiver 
having an in t e rna l  res is tance R, the increonent of current magnitude Id11 
produced by the sca t te r ing  element i s  
Vs i s  a spherical  she14 of thickness c ~ / 2  
(3  1 
where W(Z) is the range weighting funct ion (ZRNIC' and DOVIAK, 1978; DOVIAK and 
ZRNIC' , 1979). 
s ign i f icant  value. 
pulse, the range weighting function is 
The integrat ion now extends over a l l  i! for  which Wf 9 An has 
For a receiver  f i l t e r  matched t o  a rectangular transmitted 
= o  ; otherwise 
where a' is  the uni t  vector from the or ig in  of V to  the radar. 6 
The received power, time averaged over a cycle of the transmitted 
frequency, is: 
Pr = + 11% 
where * denotes the conjugate. 
From the in tegra l  of (3) 
W(f)fg2(z) An(f , t )e  -j2k o r s 
dV 2 
S 
(5) 
For the condition CT << r,,, rs  does not change s igni f icant ly  where W(n is  
appreciable so rs i n  the denominator of (6) can be replaced with rO. Upon 
subs t i tu t ing  (6) in to  (5) and taking the ensemble average, the expected received 
power becomes : 
R(Z,g') = <An(:) An(r")> ( 8 )  
Let' s af&sye th$t+the i r r e g u l a r i t i e s  have homogeneous s t a t i s t '  c 1 propert ies  so 
t ha t  R(r , r ' )=R(r-r ' )  and tha t  the two-way pat tern funct ion f i s  given by 
9 
fg2(t.) = exp 1 - 0 2 / 4 0 ~ ~ 1  (9) 
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where u 2 i s  t he  second cent ra l  moment of the two-way tower pa t te rn  and 8 is  the 
angular displacement, measured a t  the radar si te,  of r from the 
In  terms of the  6 dB angular width 86 fo r  the two way pa t te rn  f ', 0 =3.330 
For the assumption of narrow beams (9) can be approximated 
e r i g i n  of V6. 
e' 
(10) 
e 6  
2 2 2 2) 
'8 
f e  2 exp {-t /4r 
+ 
where t = h v  i s  the  projection o f  r onto the  plane transverse t o  the  beam 
axis  a t  % + 
0 
The Gaussian matched f i l t e r  provides the best  reso lu t ion  of a l l  the  
rece ivers  having the same bandwidth (ZRNIC'  and WVIAK, 1978). Because of t h i s  
and because p rac t i ca l  "matched f i l t e r s "  used i n  Doppler weather radars are 
Gaussian w e  assume t h a t  W(;?) is well  approximated by 
+ 2  2 
w(3) I e-(zo*r) /&or (11) 
u = 0.35 c r /2  = 0.30 r6 (12) 
2 +  where u 2 i s  the second cent ra l  moment of the weighting function W ( r )  and 
for  a Gaussian f i l t e r  "matched" t o  a rectangular pulse of width T. 
range reso lu t ion  i s  r 
The 6 dB 
6' 
Use the Taylor expansion f o r  r 
S 
+ +  1 2 + + 2  r s = r -a - r  +-  {r - (ao*r> I 
2r0 0 0  
(13)  
for  terms up t o  second order i n  r2. 
expansion i s  the  projection of 2 onto the 2 
contains the projection on the transverse pfane. 
coordinates centered i n  V 
We note tha t  the second term of t h i s  
d i r ec t ion  and the th i rd  term 
Thus, i n  terms of the &,t 
6' 
(14) 2 r = r  i Q i t / 2 r o  s o  
This quadra t ic  expansion i s  v a l i d  (i.e., t h i r d  order terms i n  r a re  negligible) 
provided t h a t  the s c a t t e r  volume Vs s i z e  i s  by limited by 
where 2d and 2dR a re  the dimensions of Vs transverse and pa ra l l e l  t o  rO. 
condition (15) assumes dk<<r 
var iab le  i s  displaced from ts; plane R=O, the smaller must be the s c a t t e r  
volume s i z e  perpendicular t o  the beam axis. However, d i n  (15) need not  be 
la rger  than the smaller of r6/2 or  the longitudinal pro jec t ion  
(d / cos$+rqe6 tan~~ i !  of the sca t te r ing  layer wi th in  v6 (Figure 1). 
(lg), the in t eg ra l  i n  (7) becomes 
The 
As can be deduced, the f a r t h e r  the in tegra t ion  
-p. 
t 
Subs t i tu t ing  
(16) 
2 2  2 2  
I = R(;-;I) W(&) W(&') exp {- w)- j2kO(t-&' + -1)) dVdV' 
2r0 
7 -  2 
2ut 
where u =u r fi i s  proportional t o  the a r c  length of V6. 
conveni6ntetg define new coordinates : 
We now s t i l l  f ind  i t  
(17a) 3 
t -t 1 E g 2 ;  R-&' z 6 2 2  
tl- t l l  5 61; 
86 
Figure 1. Geometry f o r  backscatter.  The distances 9. and t are 
measured from the o r i g i n  0 of the resolut ion volume i n  direct ions 
p a r a l l e l  ( longitudinal)  and perpendicular ( transverse) t o  the 
bean ax i s  F0. 
t 2 .  
t i s  p a r a l l e l  t o  the x axis and perpendicular t o  1 
tl+tl' 
2 -  
so t ha t  the tl, ti 
I ( t ) =  
7 1  
where 3 = 
from (16) 
cover the 
executing 
t2+t i  - 9.+9.' - 
Cl1;  = Cr2 ; 2 = D3 
component of (16) can be wri t ten as 
(18) 
+ + +  + +  
a161+a262+a363 i s  the l a g  vector (note a r a O ) .  The transformation 
t o  (18) i s  v a l i d  i f ,  a s  i s  assumed here, the l i m i t s  of integrat ion 
e n t i r e  volume where the integrand has s ign i f i can t  value. 
the integrat ion over 0 
Thus 
1 
Applying s imilar  procedures t o  the t 2  and 9. coordinate integrat ions w e  obtain 
Weight Term 
Inequality (15) is  the condition on Vs fo r  t h i s  
2 where 6 2 =  6 + 6 : .  The solut ion (20) i s  acceptable i f  t he  2nd order expansion 
of rs  i& (14) is val id ,  
expansion t o  be applicable. However, when the transverse dimen ion  R t  of Vs i s  
large such t h a t  ( 1 5 )  is not obeyed, w e  can s t i l l  use (20) i f  R( B ) is  small when 
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-P 6 has a magnitude comparable t o  or larger  than the r i g h t  s ide of (15). 
other words the co r re l a t ion  length p ,  perpendicular t o  the beam axis must be 
I n  
(21 1 
I f  condition (15) i s  s a t i s f i e d ,  then there  is no condition on pt. By comparing 
(21) with (l), it becomes evident t h a t  the second order expansion relaxes the 
l i m i t s  placed on the s c a t t e r  volume s i z e  and correlat ion length pt. Now these 
l i m i t s  a r e  increased by the factor  (8mdh)1/4. For example, i f  r T 1 0  km and 
h=6 m, ptwould have t o  be less than 1.4 km i n  order fo r  (20) t o  be applicable 
whereas p would have t o  be less than 100 m fo r  a 1st order theory. 
In  the in t eg ra l  (20) the correlat ion i s  mult ipl ied by two exponential 
and range resolut ion or of V6 and (2) the Fresnel terms which 
t 
weighting functions: (1) the resolut ion volume weight which depends solely upon 
the width a 
gives a veig6t  i n  the t d i r ec t ion  t h a t  depends upon the r a t i o  f l a t .  
t h e  radius of the Fresnel zone i s  large compared t o  st can the Fresnel term 
i n  (20) be ignored. Therefore, both beam width and co r re l a t ion  length enter  i n t o  
the comparison with f .  But because a is a function of f ,  t h a t  i s  
Only when 
t 
where D i s  the antenna diameter, w e  can simplify the conditions so t h a t  the 
Fresnel term can only be ignored i f  p s a t i s f i e s  
t 
On the other hand, because f i s  always smaller than at i n  the antenna's f a r  
f i e l d ,  the Fresnel term i n  (20) w i l l  have more weight than the beam width pa r t  
of the resolut ion volume term. Thus s i tua t ions  tha t  allow us t o  neglect the 
Fresnel term w i l l  a l s o  permit us t o  ignore beam width influence. I f  (23)  i s  
s a t i s f i e d ,  w e  can use (20) (without the beam width and Fresnel terms) t o  obtain 
the scat tered f i e l d ,  even though V, i s  l a rge r  than V6; then we need t o  sum 
incoherent echo power from elemental volumes l a rge  compared t o  p 
compared t o  V6 (WVIAK and Z R N I C ' ,  1983): 
Fraunhofer scatter. But HODARA (1966) shows t h a t  within the lower troposphere, 
the co r re l a t ion  length has the following height dependence 
but small 
We c a l l  t h i s  case inckherent 
p = 0.4h/(1+0.01b) (m) ( 24) 
where h i s  i n  meters. Furthermore, VHF backscatter data  analyzed later i n  
t h i s  paper suggest t h a t  pt=20 m for i r r e g u l a r i t i e s  i n  the laver  stratosphere. 
Thus, unless the antenna diameter i s  of the order of 100 m or more, the Fresnel 
term w i l l  be important i n  determining the f i e l d  scat tered by r e f r ac t ive  
i r r e g u l a r i t i e s .  
(20) appl ies ,  but ( 2 3 )  i s  not s a t i s f i ed ,  we have a s i t u a t i o n  of incoherent 
Fresnel s ca t t e r .  
Fresnel s ca t t e r .  
verse reshuff l ing of r e f r a c t i v e  index i r r egu la r i t i e s .  
THE SPECTRAL SAMPLING FUNCTION 
I f  the sca t t e r ing  volume contains many subvolumes fo r  which 
When d t < w  (from Equation 151, then we have coherent 
I f  d Cf, then s ignal  i s  coherent i r r e spec t ive  of the trans- t 
Because it i s  common t o  describe the s t a t i s t i c a l  propert ies  of r e f r ac t ive  
index i r r e g u l a r i t i e s  by the spectral  density function the e f f e c t s  of the 
resolutionvolume and Fresnel terms on echo power can be examined conveniently 
by introducing a spec t r a l  sampling f y c t i o n .  Equation (20) can be expressed i n  
terms of the Fourier transform of R(6)  multiplied by the l ag  weighting funct ion 
~ ( 3 )  where 
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2 2  
I T C J  
(25) 
Thus 
I7 = @nw(0,0,2ko) (26) 
Now Qnw i s  the  spectrum an of r e f r ac t ive  index 
-t -+ 
where Qnw(K) i s  the  three  dimensional transform of R(6)  multiplied by the  l a g  
weighting function. 
i r r e g u l a r i t i e s  convolved with the spectrum @ of €I($): 
W 
where * denotes convolution and 
= 1 H(& exp(-j%e$> dV (28) 3 8s @W 
i s  the normalized spec t ra l  sampling function. 
evaluating : 
Subs t i tu t ing  (25) i n t o  (28) and 
(29 1 ' (1+4a20 'If4) 
s-3f2CJ CJ fi 
t r  
2 4 4  @ =  (1+411 ot / €  ) W 
t 
wh re Kt= m. The second order phase term has contributed the  fac tor  
4 s  C J ~ ~ /  f4in'the above equation. 
i f  t h i s  f ac to r  i s  s m a l l  r e l a t i v e  t o  unity. However for V i n  the  antenna f a r  
5 Thus the  f i r s t  order expansion i s  va l id  only 
6 
4& t 4€-4 >> 1 (30) 
For remote sensing with radar it is-+commonn t o  have v6 i n  the antenna f a r  
f i e l d ,  thus the Fresnel term i n  aw(K) cannot be ignored. 
t h i s  conclusion i s  a r e s u l t  of the f a c t  t h a t  the Fresnel radius i s  always less 
than the  beam width s o  t h a t  t he  Fresnel term always dominates the beam width 
weighting function. 
As discussed e a r l i e r ,  
Thus gW(ft) can be w e l l  approximated by 
2 0.44D orRn2 
3.241~ @wm 7 1  2 (31) 
i n  which w e  have subs t i tu ted  (22) for  ot. Equation (31) shows t h a t  the l a rge r  
i s  the antenna diameter, the narrower i s  the spec t ra l  sampling function. It  is  
surpr i s ing  t h a t  the sampling function shape and s i ze  i s  independent of ro and, 
fo r  a given antenna diameter, the  spectrum of i r r e g u l a r i t i e s  i s  weighted 
equally for  a l l  reso lu t ion  volumes i n  space. 
derived by TATARSKII (1971) who only considered f i r s t -order  phase expansion i n  
which case 
sca t te red  power i s  given by 
This r e s u l t  d i f f e r s  from t h a t  
a function of ro. By combining (71, (26) and (27) the  back- 
2fi(0.45) 2s9 /2  arPtg 2 
<P r > = I @,(b) @w(232k0-b) dVk 
r 'D' ~ n 2  
I n  the atmosphere it i s  usual for the horizontal  cor re la t ion  length p, t o  
be l a rge r  than the v e r t i c a l  OM p, so 
the  Kx,Ky d i rec t ions  and l e s s  so along h e  K, axis. 
(a w i l l  be more sharply peaked along 
I f  the i r r e g u l a r i t i e s  have 
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shapes t h a t  are roughly described a s  obla te  spheroids, then the cor re la t ion  
R(3) would a l s o  have a similar form but ~$2) would be pro la te  spheriodal i n  
shape (Figure 2a). Equation (31) reveals  t h a t  whenever range reso lu t ion  
i s  la rger  than 0.34D9 a s  i s  usual, the  sampling funct ion (Figure 2b) 
be narrower than along K,. If the beam axis  i s  ro ta ted  by 
' @w the  v e r t i c a l  (it) w i l l  a l so  be rotated by J, from the K, axis .  
I f  echo power decreases s ign i f icant ly  as I/I i s  increased, then w e  have 
specular  type re f lec t ion .  The sharpness of the angular dependence i s  a funct ion 
both of 'h necessary condition t o  observe a specular type echoing mechanism is  fo r  
0.54?,/D<<l. 
physical arguments. 
w i l l  then be observed only i f  ph>>p 
Z* these c r i t e r i a  because w e  have used a spec i f i c  model (i.e.,  Gaussian) t o  
and D. Referring t o  Figures 2a9b and Equation (31), we  see tha t  a 
That is, narrow beams a re  required which i s  consis tent  with s i m p l e  
However, w e  must be cautious i n  applying 
Assuming space is  f i l l e d  with An, specular type echoes 
I KX 
- KY 
+ 
Figure 2. (a) Contour surface of constant spectra intensity Qn(K) 
for irregularities having symmetric correlation lengths along 
x and y that are longer than the correlation length along 5. 
(b) Contour surface of the spectral sampling function Qw(K) for 
beam axes at+elevation angle Re = s i 2  - I). 
constant Qjn(K) f o r  which the small-scale irregularities produce 
isotropic scatter. 
(c) Contours of' 
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describe the s t a t i s t i c a l  propert ies  of n and because p 
the most intense i r r e g u l a r i t i e s  of r e f r ac t ive  index. #&, i f  the  contours of 
constant Qn(Z) have the dependence sketched i n  Figure 2c, s c a t t e r  could be 
independent of $ (i.e., i so t ropic  s c a t t e r )  i f  2ko>>p,-' and 2k0>>ar6-'. The 
6 ($) depicted i n  Figure 2c can be represented by a sum of i so t ropic  Cp 
ahksotropic 6, p3rts  whese Ki  i s  the wave numberbeyond which ~ p ~ ) - @ ,  ( d e p e n d e n t  
of d i rec t ion  of K), 
deduced from turbulence theories.  
BACKSCATTERING FROM ANISOTftOPIC IRREGUWITIES 
only character ize  
and 
ai(K) could have the -11/3 power law dependence on K 
AS an example, l e t  us consider the angular dependence of echo power when 
the  sca t te r ing  medi 
components (i.e., R%Ri+Ra). We fur ther  assume tha t  Ra is i so t rop ic  i n  the 
horizontal  plane. 
2 form: 
can be decomposed i n t o  i so t ropic  and an iso t ropic  
To obtain an order of magnitude estimate,  w e  take Ra of the 
2 6  
2ph 2p z 
z l  2 6h Ra = <An > exp 1- - - - a 2 2 
where 
6h = m 6x 
Y (33) 
The resolut ion volume coordinates a r e  re la ted  t o  the natural  coordinates x,y,z 
v i a  : 
6 =61; 6 "6 cos$-ti s in$;  6 =6 sin$+& cos$ (34) 
X Y 2  3 2 2  3 
After introducing (34) in to  (33) and the r e s u l t  i n to  (20), integrat ion i s  
performed giving the formula fo r  echo power from anisotropic  i r r e g u l a r i t i e s  as  
being proportional t o  
2 3  2 
2kfa cs s <An > 2 2  4 
a exp {-4k 2b2/(4b d -C ) ]  r t  I ($1 = 
a a h Z C 7  
where fo r  V6 i n  the antenna f a r  
2 2  
1 s a t  a2 z -
2 + 7 -  
2ph 
2 2 
2 
2 s i n  $ + cos $ + 
2pz 2ph 
b I- 
f i e l d :  
2 2  
t s a  
f 4  
2 2 d2 - cos $ s i n  $ + 2 
2pz 2Ph 2 80, 2 
Now for  laminae of An such tha t  is smaller than the smallest of: 
p z  
2 f i s a  cs p &arf 2 
t r h , o r  , or  - 
f 2  2Ji;utur "'hat 
(35) 
(37) 
91 
w e  can simplify (35) 
w h e r e  
2 
2 t h  
'h 2 2 2 2 2 4  
pz 
s($) = - s i n  $ + cos $ + 2.,r a p I f  
T = 1 + 2n2at2ph.2~f4 
Q($) = 1 + (2s2ot2p; c0s2$ / f4 )  4- ph2 s i n  2 $140, 2 
(39c) 
When height of V 
f o r  echo powers bit angle $ and zeni th  ($=O) is: 
i s  constant and laminae are inf ini tes imally thin,  the r a t i o  
2 The term cos $ accounts f o r  the decrease i n  power due t o  the range and ut 
increase with tilt away from the v e r t i c a l  because V6 remains a t  constant 
height. 
obtain:  
To (P ($I> w e  add t h e  power Pi($) due t o  i so t rop ic  i r r e g u l a r i t i e s  t o  
a 
w h e r e  A=Pi(0)/Pa(O). 
e t  al. (1981). Per t inent  parameters fo r  the Rottger et  al .  data  are: h16.4 m; 
D=260 m; heights h=16.9-t18.1 km near the tropopause; beam width 01=1.7°; and 
range resolut ion = 300 m. We f ind  ph=20 m f o r  the horizontal  correlat ion 
lengths, and A=0.04 f i t s  w e l l  these data.  
t h a t  the Fresnel term (i.e., the  2nd term i n  Q($)) does not contribute 
s ign i f i can t ly .  Although w e  have not dist inguished any one of the mechanisms 
discussed i n  the introduct ion as being responsible f o r  the echo power, we see 
t h a t  s ca t t e r ing  from anisotropic  i r r e g u l a r i t i e s  can acwunt  f o r  the observed 
angular dependence which i s  su f f i c i en t ly  peaked t h a t  one might believe a 
r e f l e c t i o n  mechanism i s  acting. 
Equation (41) w a s  f i t t e d  t o  data  (Figure 3 )  from ROTTGER 
Comparing terms i n  (39) it is  seen 
For sake of s implici ty ,  i t  i s  preferable  t o  l abe l  the echoing mechanism as 
s c a t t e r  whenever there  are several  o r  more sca t t e r ing  i r r e g u l a r i t i e s  f o r  which 
only a s t a t i s t i c a l  descr ipt ion of t h e i r  propert ies  (e.g., s i ze ,  i n t ens i ty ,  e tc . )  
i s  pract ical .  Thus, w e  do not need t o  invoke a r e f l e c t i v e  process t o  explain 
observations i n  t h i s  case; the s c a t t e r  formulation presented here can explain 
a l l  the features  of the received f i e l d  i f  indeed the medium i s  comprised of many 
i r r e g u l a r i t i e s  of r e f r ac t ive  index f o r  which only statist ical  propert ies  are 
ICnOWU. 
Equation (2) i s  the s t a r t i n g  point  f o r  our formation f o r  s c a t t e r  from 
r e f r a c t i v e  i r r e g u l a r i t i e s .  Although w e  r e f e r  t o  (2) as the scatter i n t e g r a l ,  it 
can be used as w e l l  i n  s i t ua t ions  (i.e., Pt>>f) which might be interpreted as 
r e f l ec t ive .  
horizontal  dimensions l a rge  compared t o  the Fresnel radius,  GAGE et  al. (1981) 
have used the general  formula 
In order t o  determine echo power when i r r e g u l a r i t i e s  have 
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Figure 3. Angular dependence of observed mean backscatter power 
(open circles) from anisotropic irregularities as the radar 
beam axis is tilted away from the vertical (ROTTGER, 1981). 
Fitted to the data is a model that consists of anisotropic tur- 
bulence with a two-dimensional (horizontal isotropy) correlation 
function in an isotropic background. 
' i f 2  
- 1 I 1 L d n e x p  {-j2koz3dzI 2 
4 n dz 
-Rf2 
for  the power r e f l ec t ion  coef f ic ien t  where i s  the thickness of the p a r t i a l l y  
r e f l e c t i n g  layer .  In  t h i s  form va r i a t ions  of n along t h e  horizontal  a r e  ignored 
and, i f  the sca t t e r ing  layer  i s  i n  the antenna f a r  f i e ld ,  the echo power Pr i s  
eas i ly  found by considering an image source which gives 
where A, i s  the e f f ec t ive  area of the antenna (Ae=gA2/4). For exactly the same 
assumptions on n, the solut ion of (2) should produce an iden t i ca l  echo power. 
I n  Appendix A w e  prove t h i s  contention by simply using the second-order phase 
terms; t h i s  shows the wide app l i cab i l i t y  of the solut ion presented ea r l i e r .  
Figure 4 i l l u s t r a t e s  the type of scatter tha t  would be e f f ec t ive  versus  the 
loca t ion  of the sampling wave number 2ko for  the case p >>pz. 
boundaries are functions of the parameters ph, I), ro ant the  r e l a t i v e  s t rengths  
of @a and Qi, and thus there  could b 
Figure 4. 
The loca t ion  of 
a d i f f e ren t  order than presented on 'i For example, i f  Ki<2ro/ph , then Fraunhofer s c a t t e r  could be e i t h e r  
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Figure 4. 
sampling wave number 2k0 for a particular ordering of boundaries. 
ph>>pz, and v6 is uniformly filled with irregularities. 
Types of echo mechanisms versus the location of the 
anisotropic  or i so t rop ic  depending upon the value of 2k Because w e  had 
assumed inf ini tes imal ly t h i n  laminae (Ki* i n  t h a t  case?: s c a t t e r  w i l l  be 
anisotropis  no matter how l a rge  i s  2k0, 
Ki<2arolph so t h a t  i f  2k0 vas l a rge r  than 2 m-Iawe  could pass i n t o  a region of 
isotropic  scat ter .  Data co l l ec t ion  a t  various 2ko's (i.e., mult iple  wavelength 
radar) could e s t ab l i sh  the correlat ion length p,+and a value f o r  K.. 
wavelengths 2k0 i s  so large+that the peak of OW(K) i s  expected t o  t a l l  most of 
the time i n  the t a i l  of @,(K) a t  wave numbers where turbulence i s  mostly 
isotropic  and an i s  expected t o  have the same 11/3rds dependence on K a s  does 
the  veloci ty  f luctuat ions.  Eowwer, a t  the longer wavelengths i n  the W F  band, 
2k0 i s  much smaller so it can place the 8,&) peak i n  a region where Oa may 
sometimes be larger  than 8. or smaller tban it. 
ECHO POWER DEPENDENCE ON RANGE AND RANGE RESOLUTION 
Howwer it i s  more l i ke ly  t h a t  
A t  UHF 
GAGE e t  al. (1981) propose a model. fo r  which echo in t ens i ty  var ies  as the 
BALSLEY and GAGE (1981) introduce the concept 
inverse square power of range but has a range resolut ion dependence tha t  can 
vary from zero 'to a square Law. 
of a s c a t t e r  volume defined, transverse to  the antenna beam, by a correlat ion 
radius  t o  der ive an echo in t ens i ty  t h a t  depends on the fourth power of range. 
It  i s  improper t o  form such a condition because the s c a t t e r  volume Vs is 
defined by e i t h e r  the s p a t i a l  d i s t r i b u t i o n  of i n t ens i ty  of An f luctuat ions or 
by t h e  resolut ion volume v6,  whichever i s  smaller. 
derived here to  determine the conditions under which various dependences can 
occur. 
pretat ions of Balsley and Gage. 
We s h a l l  use the solut ions 
Recently HOCKING and ROTTGER (1983) have c r i t i c a l l y  reviewed the inter-  
Assume v e r t i c a l  incidence and use (31) and (32) t o  obtain 
where C i s  a constant independent of a and r and Qw@) can be expressed as:  
0' 
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2 where now K '= K '+ K . Consider two cases: (1) @,tk?) broad and (2) narrow 
compared t o  Q (2) along the wave number 2 
t X Y  
coordinate (Figure 5). 
W 
( a )  Q Broad n 
Integrat ion along K gives a (P > approximated z r by 
( 4 6 )  
which i l l u s t r a t e s  t h a t  the expected echo power i s  proportional t o  range resolu- 
t i on  (assuming a uniformly f i l l e d  V6) and inversely proportional t o  the square 
of range rO. 
i r r e g u l a r i t i e s  produced by turbulence. The r -'dependence occurs i r r e spec t ive  
of whether p 
(b) Q ($1 Narrow 
This i s  the usual dependence expe t ed  when s c a t t e r  i s  from 
i s  large or small compared t o  f ?  h 
n 
I n  t h i s  case ( 4 4 )  can be reduced t o  
2 - 2 ~  2 (KsZ-2ko) 2 
< p > = -  'Or Qw(Kt)@n(& dVK r z e  
0 
( 4 7 )  
Again <Pr> dep$nds upon the inverse square of 
of ph. 
ro ,a  r e s u l t  which is independent 
I f  Qw(Kt) i s  a l s o  broad compared t o  Qn&) along K t  then ( 4 7 )  reduces t o  
i n  which Qn(it> i s  assumed t o  have a peak a t  Kt=O. 
r e f r a c t i v e  index i r r e g u l a r i t i e s  have Ph>f and strong Fourier components 
c lustered about 2k0. 
w i s e ,  w e  could have other range resolut ion dependencies. 
is the variance <an2>. 
This case occurs when 
Only i f  2 b = k s z  w i l l  <P> be proportional t o  or2; other- 
The integral  i n  ( 4 8 )  
Figure 5 .  Cases in which Qn is broad (a) and narrow (b) compared to QW. 
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I f  the i r r e g u l a r i t i e s  are contained i n  a t h i n  layer having a v e r t i c a l  
dimension small compared t o  U r ,  then echo power would be independent of O r ,  
when the resolut ion volume i s  centered on the layer. 
displaced from the layer  height,  echo power would have a strong dependence on 
ur even exceeding the square law one! 
confined t o  horizontal  dimensions mal l  compared t o  beau width, then a fourth 
power range dependence would be obtained. 
not determine the s c a t t e r  volume dimension as s t a t ed  by BALSLEY and GAGE (1981). 
I n  the cases discussed i n  (a) and (b) the  echo power depends on the inverse 
square of range because w e  have assumed uniformly f i l l e d  Vg. 
CONCLUSIONS 
For resolut ion volumes 
I f  t he  sca t t e r ing  i r r e g u l a r i t i e s  are 
Hawever, the co r re l a t ion  length does 
When sca t t e r ing  layers  a r e  i n  the f a r  f i e l d  of an antenna, the Fresnel term 
i s  a more important weighting function than the antenna pat tern because the 
width of the antenna pat tern i s  always l a rge r  than the Fresnel radius f .  Only 
i n  the case where the co r re l a t ion  length p t  of r e f r a c t i v e  index i r r e g u l a r i t i e s  
Iln perpendicular t o  the beam i s  much smaller than f w i l l  the f i rs t -order  
truncation of the Taylor s e r i e s  expansion f o r  phase be val id .  Then Fraunhofer 
s c a t t e r  i s  considered t o  be effect ive.  However, when retent ion of second-order 
phase terms i s  necessary a Fresnel term (see Equation 20) i s  introduced. 
c r i t e r i o n  f o r  keeping the second-order phase term depends both upon beam width 
and the Fresnel radius. Thus, the condition under which incoherent Fraunhofer 
s c a t t e r  i s  e f f ec t ive  becomes solely a function of antenna diameter D (i.e., 
pt<0.29D). When the Fresnel term needs t o  be included i n  the solution w e  have 
t h e  s i t u a t i o n  of Fresnel s c a t t e r  or r e f l ec t ion .  It i s  suggested t h a t  unless t h e  
antenna diameter i s  of the order of 100 m or more, the Fresnel term is important 
i n  determining the f i e l d  scat tered by r e f r ac t ive  i r r e g u l a r i t i e s .  
The 
The formulas derived here  e s t ab l i sh  the conditions under which a scatter or 
r e f l e c t i o n  mechanism can be distinguished. 
proper s t a t i s t i c a l  descr ipt ion of the i r r e g u l a r i t i e s  i n  order t o  obtain the 
s p a t i a l  and temporal dependence of echo in t ens i ty .  A mult iple  wavelength radar,  
i n  which its besm pos i t i on  can be scanned, could supply invaluable data t o  
character ize  the spectrum of r e f r ac t ive  index i r r e g u l a r i t i e s  and help t o  explain 
the propert ies  of the echoes. 
form t h a t  concentrates variance <An2> a t  wave numberenear 2k, does echo power 
depend upon the square of range resolution. Echo power depends upon the  inverse 
square of range r,, independent of whether p t  i s  less than or greater  than f .  
However the resolut ion volume must be uniformly f i l l e d  with An. 
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APPENDIX A 
I n  t h i s  appendix w e  s h a l l  demonstrate that  (42) and (2) and iden t i ca l  
formulations fo r  the s i t ua t ion  considered i n  t h i s  paper (;.e., a s ca t t e r ing  
layer i n  the f a r  f i e l d  o f  an antenna, and range resolut ion su f f i c i en t ly  narrow 
so t h a t  the l / r2  term can be brought out of the in t eg ra l  (2)) .  
For pulsed transmissions the height i n t e rva l  t h a t  contributes t o  the echo 
sample is  determined by the pulse shape i f  r e f r ac t ive  index i r r e g u l a r i t i e s  a r e  
d i s t r ibu ted  throughout the ve r t i ca l .  Therefore, i n  t h i s  case (dn/dz)/n i n  (42) 
must be multiplied by the range weighting function (e.g., (11)) and then, fo r  
pulse widths small compared t o  ro, the l i m i t s  on z i n  (42) can be increased t o  
i n f i n i t y  without s ign i f i can t  error .  Thus the r e f l ec t ion  coeff ic ient  takes the 
form: 
& . .  - (ann) exp {-j2k zl dz dz 
-m 
Using in t eg ra t ion  by pa r t s  and noting t h a t  n = 1 + 4-1 where h C < l ,  (All can be 
reduced t o  
2 
R = r(* + jko) An exp {- 5- j2koz1 dz (A2 
-co 4 O r  % 
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2 Now for  range resolut ion many wavelengths long (i.e., kour>>l) the term z /4ur  
can be ignored i n  the in t eg ra l  without adding appreciable e r ror  t o  p. Then 
m 
(A3 1 
-m 
We note here tha t  W(z), a s  defined i n  t h i s  paper, a l so  contains the weight 
associated with the frequency t r ans fe r  funct ion of the receiver 's  f i l t e r .  
Although t h i s  funct ion does not rigorously belong i n  the in tegra l  for  p, we 
a r e  primarily in te res ted  i n  the received echo power which is  dependent upon the 
f i l t e r  function. For a l i n e a r  system we could, i f  we ignore receiver noise, 
j u s t  as w e l l  consider the f i l t e r  a t  the transmitted output thus modifying the 
pulse shape t o  give the equivalent weight W(z) considered herein. 
consideration w e  can a l so  express (2) i n  the form 
With similar 
(A4 
We now consider Lul t o  depend upon z a s  i n  the r e f l ec t ion  formula and using (10) 
f o r  f 2(r), the  second-order expansion (14) for  r 
ho r i z ln t a l  we obtain 
and in tegra t ing  over the 
S' 
Now fo r  r o  i n  the antenna f a r  f i e l d  the term j k d r  
1/2a,2. The echo power Pr' i n  terms of E is: 
has a magnitude la rger  than 
1' 
(A6 2 P r  = A e I E 1 1  /2no 
subs t i t u t ion  of (A51 and (A31 i n t o  (A61 revea ls  
2 
2 2  P =  r 4X ro 
which i s  iden t i ca l  t o  (42) derived from the r e f l ec t ion  formula. 
